MicroRNA-29a is a key regulon that regulates hepatic stellate cells (HSCs) and mitigates liver fibrosis. However, the mechanism by which it does so remains largely undefined. The inhibition of bromodomain-4 protein (BRD4) represents a novel therapeutic target in hepatic fibrosis. Therefore, the purpose of this study is to investigate the miR-29a regulation of BRD4 signaling in a bile duct-ligation (BDL) animal model with regard to developing cholestatic liver fibrosis. Hepatic tissue in miR-29a transgenic mice (miR-29aTg mice) displayed weak fibrotic matrix, as shown by α-smooth muscle actin staining within affected tissues compared to wild-type mice. miR-29a overexpression reduced the BDL exaggeration of BRD4 and SNAI1 expression. Increased miR-29a signaling caused the downregulation of EZH2, MeCP2, and SNAI1, as well as the upregulation of PPAR-γ expression, in primary HSCs. We further demonstrated that the administration of JQ1, a BRD4 inhibitor, could inhibit BRD4, C-MYC, EZH2, and SNAI1 expression, while both JQ1 and a miR-29a mimic could inhibit the migration and proliferation of HSCs. In short, our research demonstrates that miR-29a negatively regulates HSC activation by inhibiting BRD4 and EZH2 function, thus making it a promising target for the pharmacologic treatment of hepatic fibrosis.
Introduction
Chronic liver damage caused by any form of hepatitis or cholestasis can cause liver fibrosis, which is a complex process controlled by a series of signaling pathways [1] . When hepatic stellate cells (HSC) are activated and undergo morphologic and functional trans-differentiation [1] [2] [3] , they not only secrete profibrogenic mediators, such as transforming growth factor-β (TGF-β) signaling, but also generate ECM components.
MicroRNAs (miRNAs) are small single-stranded non-coding RNAs that can suppress endogenous mRNA transcripts [4] . Cumulative evidence has shown that miR-29 levels are significantly decreased in fibrotic livers and that their downregulation influences HSC activation [5] [6] [7] . Furthermore, an increase in miR-29 in murine HSCs has been shown to inhibit collagen expression [6, 8] by directly targeting the mRNA expression of ECM genes. In our previous studies [9] [10] [11] [12] [13] [14] [15] , we have already demonstrated that miR-29a overexpression in cholestatic mice significantly inhibited hepatocellular damage and liver fibrosis, and the multiple pathways of apoptosis,
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The field of epigenetics consists of changing both the chromatin structure and the DNA methylation and acetylation patterns of a genome [16] . Histones require the addition of a functional group, such as methylation, acetylation, phosphorylation, sumoylation, or ubiquitination [17] . We have previously found that miR-29a normalizes histone deacetylase 4 expression, increases the acetylation status of H3K9 in HSCs, and mitigates HSC activation [11] . However, histone methylation is reversible, and its dynamic nature is controlled by a balance between histone methyltransferases and demethylases [18] . A growing amount of evidence has implied that inhibiting the function of Enhancer of Zeste Homolog 2 (EZH2), a catalytic sub-unit of the Polycomb Repressive Complex 2 and histone methyltransferases that catalyze the addition of methyl groups to histone H3 at lysine 27 [18] , can lessen liver fibrosis by blocking HSC function [19, 20] . Furthermore, suppression of BRD4 has been demonstrated to decrease the expression of EZH2 through the upregulation of C-MYC [21] . In a recent study, TGF-β1 was observed to promote HSC activation via the BRD4/C-MYC/EZH2 pathway in liver fibrosis [22] . The interaction of SNAI1 and EZH2 can also repress E-cadherin expression, which is essential for triggering epithelial-mesenchymal transition (EMT) [23] . Therefore, in this study, we decided to investigate the miR-29a regulation of BRD4/ EZH2 signaling in a cholestatic animal with regard to liver fibrosis and HSC activation.
Materials and Methods

Ethics statement
The Institutional Animal Care and Use Committee of Chang Gung Memorial Hospital reviewed and approved all protocols related to animal uses (#2017091801). We acquired male C57BL/6 mice (body weight 25-35 g) from BioLASCO Taiwan Co., Ltd. and housed them in an animal facility at 22 °C, with a relative humidity of 55%, in a 12 h light/12 h dark cycle, where they were given both sterile tap water and food ad libitum.
Construction and breeding of the miR-29a transgenic mouse colony
Transgenic mice that overexpressed miR-29a driven by the PGK promoter were bred and housed in a specific pathogen-free rodent barrier, as described in a previous study [14] . The genotype of the transgenic mice was typed with PCR and primers (forward: 5'-GAGGATCCCCTCAAGGATACCAAGGGATGA AT-3' and reverse 5'-CTTCTAGAAGGAGTGTTTC TAGGTATCCGTCA-3'). We obtained wild-type mice from littermates that did not carry the construct.
Animal model and experimental protocol
Six to eight mice were used for each of our experiments. The mice were categorized into either the "BDL" group or the "sham" group in accordance with whether it had received an actual ligation or a sham ligation of the common bile duct, the method of which has been previously described [11] . All the mice were euthanized one week after the operation, at which point liver tissues were dissected, snap-frozen, and processed to isolate total RNA and proteins. All specimens were stored at −80 °C until biochemical analysis.
Primary HSC isolation and culture
We isolated primary HSCs from fresh livers in mice using the following procedure: Hepatic specimens were digested by pronase and collagenase. The digested mixtures were subjected to density gradient centrifugation in 8.5% Nycodenz (Sigma-Aldrich, St. Louis, MO) as previously described in another study [24, 25] . HSCs expressed autofluorescence of retinoids in the lipid droplets of cell cultures, and HSC lipid droplets were verified under a fluorescence microscope. Trypan blue exclusion assays demonstrated that the viability of cell culture was more than 95%. 95-99% cells were positive for Oil red O staining [25] . Cells were incubated in Dulbecco's modified Eagle's medium supplemented with 5% newborn calf serum. After one day in culture, the HSCs exhibited a dormant phenotype, which was followed by an activated phenotype 7-14 days after incubation. The cell cultures were incubated until confluence, and those within 2-6 passages were used for study.
RNAi transfection
The hepatic stellate cells (HSCs) were maintained in DMEM supplemented with 10% fetal bovine serum, glutamax, and antibiotic-antimycotic in a 5% CO 2 humidified incubator at 37℃. Cells were seeded at a density of 9×10 5 cells per 6-cm culture dish for western blot, 3×10 4 cells/well in the ibidi Culture-Insert 2 Well for wound healing assay, and 8×10 3 cells/well in the 96-well culture microplate for cell proliferation assay. Twenty-four hours after initial seeding, we transfected the HSCs with a concentration of 25 nM of miR-29a precursor (mimic-miR-29a, GE Healthcare Dharmacon, IN), miR control (GE Healthcare Dharmacon, IN), or miR-29a antisense oligonucleotide inhibitor (inhibitor-miR-29a GE Healthcare Dharmacon, IN) for 24 h with Lipofectamine™ RNAiMAX Transfection Reagent (Invitrogen, CA) according to the manufacturer's instructions. Infected cells were incubated for 24 h at 37˚C and then used for further experiments [26] .
Immunohistological Analysis
For immunohistochemical analysis, formalin-fixed paraffin-embedded blocks of the mice's liver tissues were cut into 2-μm sections. After deparaffinization and rehydration, we heated sections in a citrate buffer (10 mM, pH 6, Thermo Fisher Scientific, Waltham, MA, USA) in a microwave for 30 min to retrieve the antigens. Endogenous peroxidase activity was blocked with a 3% hydrogen peroxide (UltraVision Hydrogen Peroxide Block; Thermo Fisher Scientific) for 10 min. The sections were incubated with α-SMA antibody (ab5694, abcam, JHY) for 1 h at room temperature and then visualized using HRP polymer (UltraVision Quanto Detection System; Thermo Fisher Scientific) and DAB chromogen (DAB Peroxidase Substrate Kit; Vector Laboratories, Burlingame, CA, USA). The sections were counterstained with Mayer's hematoxylin (ScyTek Laboratories, Logan, UT, USA), dehydrated, and then mounted using a mounting medium. The staining intensity of sections was measured by independent color channel of an image J analysis [27] . Each group had six to eight samples.
JQ1 treatment for hepatic stellate cells
The HSCs were seeded in a 10-cm culture dish with a density of 1.5×10 6 cells /dish and incubated overnight at 37˚C. Cells were then maintained in DMEM medium with JQ1(100 nM) for 24 h. Proteins were extracted from the cells for western blot analysis.
Western blot analysis
We used approximately 20 mg of liver tissue in a 500 ml protein lysis buffer (iNtRON, Seongnam-si), homogenized by the MagNA Lyser system (Roche, Germany). The extraction protein (40 μg) from the supernatant of each sample was mixed with 4x sample buffer (Bio-Rad) and boiled for 10 min. All samples, including protein markers (TM-PM10170, TOOLS, NTPC), were fractionated by 6~15 % SDS-PAGE and transferred to a PVDF membrane. After incubation with 10 % nonfat milk in TBST (10 mM Tris, pH 8.0, 150 mM NaCl, 0.05% Tween 20) for 60 min at room temperature, they were washed with TBST and incubated with primary antibodies against BRD4 (ab128874, abcam, JHY), SNAI1 (#3895, cell signaling, MA ), EZH2 (#4905, cell signaling, MA), MeCP2 (#10861-1-AP, PROTEINTECH, IL), or PPAR-γ (#16643-1-AP, PROTEINTECH, IL), as well as Nucleolin (ab134164, abcam, JHY) or GAPDH, used as the internal control (#60004-1-Ig, PROTEINTECH, IL) at 4 °C overnight. We washed membranes three times for 10 min and incubated them with horseradish peroxidase-coupled anti-rabbit immunoglobulin-G antibodies (dilution: 1:5000) and HRP anti-mouse immunoglobulin-G antibodies (dilution: 1:10,000) at room temperature for 1 h. Blots were washed with TBST three times and developed with enhanced chemiluminescence detection (GE Healthcare Biosciences AB, Uppsala, Sweden) and exposed to film, and we quantified the signals using densitometry.
Cell proliferation analysis
Cell proliferation was determined by the WST-1 assay. After infection by the miR-29a precursor or being treated with 100 nM JQ1(Sigma-Aldrich Chemie GmbH) for 24 h, we added 10 μL WST-1 reagent (Roche Diagnostics, Laval, Quebec, Canada) to each well and incubated for another 60 minutes at 37° C. The absorbance was determined using a microplate reader (Hidex Sense microplate reader) at a test wavelength of 450 nm and reference wavelength of 630 nm.
Wound healing assay
We adopted the wound healing assay to detect cell migration. HSCs were seeded in a culture-insert (ibidi culture-insert 2 well, ibidi GmbH, Martinsried, Germany) at a density of 3×10 4 cells per well. After allowing the cells to attach overnight, we removed the culture-insert and washed the cells with PBS to remove non-adherent cells. We then provided fresh medium containing JQ1(100nM) or miR-29a(25nM) mimic and photographed the plate at 0, 5, and 8 h to capture the two different fields at each time point on each plate. The number of cells that migrated into the wound space were manually counted in three fields per well under a light microscope at 50× magnification. We then quantified the areas using image J analysis.
Statistical analysis
All values in the figures and tables are expressed as mean ± standard error. Quantitative data were analyzed using the one-way analysis of variance [28] when appropriate, and we adopted the least significant difference (LSD) test for post-hoc testing. A two-sided p-value less than 0.05 was considered statistically significant.
Results
Overexpression of miR-29a considerably decreases liver fibrosis in cholestatic livers
To determine the influence of overexpressed miR-29a on the cholestatic liver injury process, we studied α-SMA expression by immunohistochemistry. As shown in Figure 1 , α-SMA expression revealed abundant brown staining around the portal regions in the BDL-affected liver specimens in the wild-type mice compared to the sham group (p < 0.001). This histopathology was clearly alleviated in the BDL-affected miR-29Tg mice (p < 0.001) (Figure 1 ).
miR-29a overexpression reduced hepatic BRD4 and SNAI1 expression in cholestatic livers
We first examined whether miR-29a signaling could alter BRD4, EZH2, and SNAI1 expressions in liver tissues injured by BDL. In the wild-type group, BRD4 (p = 0.011) and SNAI1 (p < 0.001) were significantly increased after BDL (Fig. 2) . The BDL increase of BRD4 (p=0.029) and SNAI1 (p=0.014) levels was significantly reduced in the miR-29aTg mice (Fig. 2) . However, the signal intensity of EZH2 was too weak to detect between the two groups.
Increased miR-29a function reduced EZH2, MeCP2, and SNAI1 and increased PPAR-γ expressions in HSCs
In a previous study, we found that the expressions in BRD4 were significantly reduced in the miR-29 mimic-transfected HSCs [14] . Therefore, we examined whether miR-29a signaling could regulate EZH2, MeCP2, SNAI1, and PPAR-γ expressions in primary HSCs. As shown in Figure 3 A, B, and C, the expressions in EZH2, MeCP2, and SNAI1 were significantly reduced in the miR-29 mimic-transfected cell cultures (p = 0.007; p = 0.048; and p = 0.016, respectively). In contrast, after treatment with a miR-29 mimic, PPAR-γ expression was significantly upregulated in the HSCs (p = 0.012, Fig. 3D ).
Administering JQ1 reduced BRD4, C-MYC, EZH2, and SNAI1 expressions in HSCs
To examine the effects of JQ1 on the expression of BRD4, C-MYC, EZH2, and SNAI1, we treated primary HSCs with JQ1, which is a BRD4 inhibitor. As expected, JQ1 significantly downregulated the expression of BRD4, C-MYC, EZH2, and SNAI1 in primary HSCs (p = 0.05; p= 0.035; p= 0.033 and p= 0.005, Fig. 4) .
Administering JQ1 and miR-29a inhibits HSC migration and proliferation
To evaluate whether JQ1 may regulate HSC migration, a wound healing assay was performed using primary HSCs. The results of the present study showed that both JQ1 and miR-29a mimic were capable of inhibiting the migration of primary HSCs (both p < 0.001; Fig. 5A, B) . We then conducted a cell proliferation assay to examine the effects of JQ1 and miR-29a on cell proliferation. As shown in Fig. 5C , either a JQ1 or miR-29a mimic could inhibit the proliferation of primary HSCs (both p < 0.001). 
Discussion
The trans-differential activation of liver injury and HSCs is responsible for the pathogenesis of liver fibrosis. Increased miR-29a function in cholestatic mice significantly inhibited liver fibrosis, and this study is the first to report that miR-29a could directly modulate BRD4 expression of the profibrogenic phenotype of HSCs in an obstructive jaundice mouse model. Furthermore, we discovered that the expression of BRD4 is associated miR-29a, along with EZH2, MeCP2, and SNAI1, as well as upregulation of PPAR-γ expression, in activating primary HSCs. Finally, we have demonstrated that overexpression of miR29a or inhibition of BRD4 can significantly weaken activated HSC migration and proliferation.
Although studies have implicated BRD4, a bromodomain protein and extra-terminal member, can delicately control inflammatory gene expression through epigenetic pathways [29] . We have also uncovered that overexpression of miR-29a in cholestatic mice significantly obstructed TLR2 and TLR4 signaling in liver tissues while significantly decreasing the proinflammatory cytokines expression [30] . Sun et al. also showed that inhibition of BRD4 with JQ1 suppressed activation of TLR4 signaling and decreased acute myocardial infarction damage [31] . Meanwhile, JQ1 has been clearly shown to effectively suppress HSC proliferation and differentiation into myofibroblasts and to ameliorate pathological fibrotic responses [32] . EZH2 is the key catalytic sub-unit of Polycomb repressive complex 2 and has emerged as a crucial regulator of EMT, wound healing, fibrogenesis, and tumor metastasis [33, 34] . In this study, we demonstrated that miR-29a positively regulated EZH2 expression by upregulating C-MYC in primary HSCs. In line with our study, overexpression of miR-29a inhibits BDL-provoked excessive fibrogenesis, which is partially mediated by the inhibition of BRD4/C-MYC/EZH2 signaling. SNAI1 is the key transcription factor best known for its ability to trigger EMT to influence fibrosis development [35] . Scarpa et al. demonstrated an upregulated expression of SNAI1 in human hepatic fibrosis and murine experimental models of liver injury [36] . SNAI1 knockdown resulted in the improvement of hepatic fibrosis and its involvement in the HSC trans-differentiation process [36] . Furthermore, SNAI1 has been reported to recruit Polycomb Repressive Complex 2 to the E-cadherin promoter to repress E-cadherin expression [23] . Recently, Oh et al. also reported that high glucose levels enhance the formation of EZH2/Snail complex to facilitate E-cadherin repression and stimulate human mesenchymal stem cell migration [37] . All of these studies agree with our finding that increased miR-29a function significantly inhibits the upregulation of SNAI1 in cholestatic liver and primary HSCs.
The MeCP2 (methyl CpG binding protein 2) dependent epigenetic pathway facilitates the activation of HSCs by regulating the suppression of PPARγ, which opposes myofibroblast trans-differentiation expression by targeting DNA methyltransferases to maintain the HSCs in a quiescent stage [38] . MeCP2 also promotes EZH2 expression and H3K27 methylation to constitute a repressive chromatin structure in the promoter of PPARγ [5] . Meanwhile, the inhibition of EZH2 or the activation of PPARγ blocked the exacerbation of liver fibrosis in mice [20] . Therefore, the EZH2-mediated repression of PPARγ may be involved in the aggravated liver fibrosis driven by increased miR-29a in HSCs. In short, our data suggest that miR-29a plays an essential role in guiding the transition of HSC phenotypes and contributing to the regulation of cellular proliferation and the migration of activated HSCs.
In conclusion, based on the miR-29a signaling protection model (miR-29aTg mice) in liver fibrosis, we demonstrated a new mechanism for liver damage via inhibiting BRD4/EZH2/SNAI1 pathway. The bile duct-ligation model and liver fibrosis correspond to the effects of BRD4, EZH2, SNAI1, and PPRP-γ expressions at cholestatic liver locations, thereby triggering livers injury. Increased miR-29a function hinders BRD4, EZH2, SNAI1, and PPRP-γ expressions, thus inhibiting HSC activation (Fig. 6) . This study provides additional evidence that the possibility of finding novel therapeutic agents targeting miR-29a-based BRD4 for the improvement of hepatic fibrosis would play an important role in liver injury diseases. This study highlights that the epigenetic mechanism by miR-29a signaling may modulate their profibrogenic phenotype in the activation of HSCs. Further studies are required in the future to delineate the use of miR-29a agonists as novel therapeutics for treating liver fibrosis.
